The cells of many embryonic tissues actively narrow in one dimension (convergence) and lengthen in the perpendicular dimension (extension). Convergence and extension are ubiquitous and important tissue movements in metazoan morphogenesis. In vertebrates, the dorsal axial and paraxial mesodermal tissues, the notochordal and somitic mesoderm, converge and extend. In amphibians as well as a number of other organisms where these movements appear, they occur by mediolateral cell intercalation, the rearrangement of cells along the mediolateral axis to produce an array that is narrower in this axis and longer in the anteroposterior axis. In amphibians, mesodermal cell intercalation is driven by bipolar, mediolaterally directed protrusive activity, which appears to exert traction on adjacent cells and pulls the cells between one another. In addition, the notochordal^somitic boundary functions in convergence and extension bỳ capturing' notochordal cells as they contact the boundary, thus elongating the boundary. The prospective neural tissue also actively converges and extends parallel with the mesoderm. In contrast to the mesoderm, cell intercalation in the neural plate normally occurs by monopolar protrusive activity directed medially, towards the midline notoplate^£oor-plate region. In contrast, the notoplate^£oor-plate region appears to converge and extend by adhering to and being towed by or perhaps migrating on the underlying notochord. Converging and extending mesoderm sti¡ens by a factor of three or four and exerts up to 0.6 m N force. Therefore, active, force-producing convergent extension, the mechanism of cell intercalation, requires a mechanism to actively pull cells between one another while maintaining a tissue sti¡ness su¤cient to push with a substantial force. Based on the evidence thus far, a cell^cell traction model of intercalation is described. The essential elements of such a morphogenic machine appear to be (i) bipolar, mediolaterally orientated or monopolar, medially directed protrusive activity; (ii) this protrusive activity results in mediolaterally orientated or medially directed traction of cells on one another; (iii) tractive protrusions are con¢ned to the ends of the cells; (iv) a mechanically stable cell cortex over the bulk of the cell body which serves as a movable substratum for the orientated or directed cell traction. The implications of this model for cell adhesion, regulation of cell motility and cell polarity, and cell and tissue biomechanics are discussed.
INTRODUCTION
(a) What are the convergence and extension movements? Convergence and extension are classical terms for narrowing and lengthening, respectively, of a cell population during morphogenesis (reviewed in Keller et al. 1991a,b) (¢gure 1a). These movements occur ubiquitously in metazoan development and probably account for more tissue distortion in embryogenesis than any other single process (Keller 1987; Keller et al. 1991b) . Examples include archenteron elongation in echinoderms (Ettensohn 1985; Hardin & Cheng 1986) , germ band extension (Irvine & Wieschaus 1994) and imaginal leg disc evagination in Drosophila (see Condic et al. 1991) , Hydra regeneration (Bode & Bode 1984) , nematode body axis elongation (Priess & Hirsh 1986; Williams-Masson et al. 1997) , and elongation of dorsal axial embryonic tissues of ascidians (Cloney 1964; Miyamoto & Crowther 1985) , ¢shes (Warga & Kimmel 1990; Kimmel et al. 1994; Concha & Adams 1998 ), birds (Schoenwolf & Alvarez 1989) , mammals (Sausedo & Schoenwolf 1994) , and amphibians (Vogt 1929; Schechtman 1942; Burnside & Jacobson 1968; Keller 1984; Keller et al. 1991a,b) . Convergence can be coupled directly to extension with conservation of tissue volume, the decrease in width accounted for by a proportional increase in length (¢gure 1a). More often, however, convergence produces thickening as well as lengthening, the proportion of each depending on the speci¢c case (¢gure 1b). For example, the notochordal and somitic mesoderm of the amphibian both converge, extend and thicken, but convergence results in less extension and more thickening in the case of the somitic mesoderm (see Keller et al. 1989a; Keller 2000) . Thus the collective term `convergent extension' can be used for convenience, but it can be misleading unless one remembers that the relationship between convergence, extension and thickening can be and usually is more complex than this term suggests.
Convergence and extension movements are representative of a larger, more general class of`mass movements' involving change in tissue proportions with approximate conservation of volume. Divergence and shortening (¢gure 1c), the reverse of convergent extension, occurs during Drosophila germ band retraction (Hartenstein & Campos-Ortega 1985) . Epiboly, an increase in tissue area by thinning (¢gure 1d ), occurs in the animal region of early amphibian (see Keller 1978 Keller , 1980 and teleost ¢shes embryos (Betchaku & Trinkaus 1978) , to mention only two examples. Convergence and extension are often major components of what are usually identi¢ed as other types of morphogenic processes. For example, invagination of a disc of cells to form a tubular gut, such as primary invagination of a echinoderm vegetal plate to form the gut, is often portrayed as a simple bending in sectional view (¢gure 1e). In fact, such an invagination involves a form of convergent extension, the progressive narrowing of the circumference of the disc and extension along its radius (the length of the tube) (¢gure 1e).
Convergence and extension have been studied most in situations where tissue volume changes due to cell growth does not occur at all or is insigni¢cant, such as in the early development of sea urchins (Hardin & Cheng 1986) , amphibians (Burnside & Jacobson 1968; Keller 1986) , and £ies (Condic et al. 1991) . However, these movements also occur in embryos that grow dramatically in early development, such as those of the mouse (Snow 1977) , and in these cases, tissue volume changes may also come into play. Analysis of the mechanism of convergent extension in organisms that grow rapidly may reveal variations on the themes developed here, speci¢cally the potential involvement of directed, anisotropic growth.
Convergence and extension movements, as well as related mass tissue movements, may be passive responses to forces generated elsewhere in the embryo or they may be active, force-producing processes. We will focus on the active movements here, although the passive ones are also important in morphogenesis, and misunderstanding them can result in erroneous conclusions. For example, it is a common assumption that if a mutation targeted to a particular tissue in the embryo disrupts convergent extension of that tissue, the movement is an active one. However, the movement could be a passive response to force generated elsewhere and the true function of the wild-type gene could be to increase the deformability of the tissue, allowing it to be stretched and narrowed by the active tissue.
(b) Why study convergence and extension ? These movements present a major challenge and an opportunity to understand cell function in the morphogenesis of integrated populations.They represent a category of morphogenic processes, the so-called`mass movements' in which a tissue distorts by virtue of integrated cell behaviours within its boundaries, due to interactions among these cells, rather than interactions with external substrates. Little is known of the cellular, molecular and biomechanical mechanisms of these types of movements, an important de¢ciency in the light of their dramatic role in shaping embryonic body form in so many systems. The conceptual framework for analysis of cell interactions within integrated populations is poorly developed. It is di¤cult to visualize and interpret cell motility in embryos and thus little is known of the cell behaviour driving these movements. The common paradigm for analysis of cell function in morphogenesis is the study of motility of individual cells in culture at low density crawling on a rigid, transparent substratum. In contrast, most cell movements in embryos involve high densities of cells interacting with one another, or with the extracellular matrix between them. Moreover, the forces individual cells generate have largely local e¡ects on their movement in culture, whereas these forces have both local e¡ects and e¡ects that are integrated over the cell population in embryos. The mechanism for global integration of locally generated forces and the molecular basis of the necessary cell and tissue biomechanical properties are poorly understood in both concept and experimental measurement. Finally, too often the paradigm for genetic and molecular analysis of tissue movements has been compositional rather than mechanistic. Experiments have been focused on interdicting the expression of a gene or the function of a molecule and showing that the gene or molecule it encodes is necessary for a morphogenic process to occur. Collectively, these experiments resolve the composition of the machine rather than how the machine works. Here we will discuss`morphogenic machines', largely at the cell and cell population level. Cell biology has de¢ned a large number of molecular machines for generating force, for generating cell polarity (Brunner & Nurse, this issue ; Schwab et al., this issue) , imparting mechanical integrity, for regulating motility (Hall & Nobes, this issue) , and for imparting cell adhesion (see Takeichi et al., this issue) , and contact behaviour (see Xu et al., this issue) .
It is our goal here to de¢ne and characterize the cellular machines that connect these molecular machines to massive movements of large coherent cell populations in the embryo.
(c) The paradox of convergence and extension : mobility in the presence of sti¡ness We will focus on what is emerging as the most common type of convergence and extension movements, those that occur by cell rearrangement. The paradox of this type of convergence and extension is that the cells actively intercalate between one another to produce a change in shape of the tissue while forming a sti¡ array that can distort surrounding, passive tissues. The major question to be addressed here is how can cells move with respect to one another and yet form a sti¡ tissue capable of pushing and distorting surrounding tissues ?
We will discuss convergence and extension movements in the amphibian Xenopus laevis in more detail. It is one of two systems in which cell behaviours have been described. It o¡ers at least two examples of convergent extension, one in the posterior mesodermal tissue and one in the posterior neural tissue, consisting of what appear to be variants of a basic mechanism. Analysis of these two systems may reveal common, and perhaps essential, features of the mechanism of convergent extension by cell intercalation. Finally, convergence and extension in amphibians is demonstrably an active, force-producing process, and it is the active forms of these movements that will be focused on here, although those examples of passive responses to external forces are interesting in their own right.
EXPRESSION AND FUNCTION OF CONVERGENT EXTENSION DURING FROG GASTRULATION AND NEURULATION
During gastrulation, the prospective somitic (¢gure 2, medium shading) and notochordal mesoderm (¢gure 2, dark shading) involute over the blastoporal lip, and as they do so, they converge in the mediolateral orientation, around the circumference of the blastopore, and extend in the anteroposterior orientation to form the elongated body axis (see Keller 1975 Keller , 1976 Keller et al. 1991b) (¢gure 2). Meanwhile, the posterior neural plate, consisting of the prospective spinal cord and hindbrain (¢gure 2, light shading) likewise converges in the mediolateral orientation and extends in the anteroposterior axis (¢gure 2), more or less coincident with the underlying converging and extending mesodermal tissue . Similar movements occur in the urodele (Vogt 1929; Schechtman 1942; Jacobson & Gordon 1976 ), but they di¡er in their timing and the degree of tissue distortion.
These movements play major roles in gastrulation and body axis formation. During gastrulation, the forces of convergence form a hoop stress around the blastopore, which squeezes the blastopore shut in the normal anisotropic fashion, towards the ventral side of the embryo . These forces also contribute to involution of the mesodermal and endodermal tissues Keller et al. 1992b; Lane & Keller 1997) , although the vegetal endodermal rotation movements, recently discovered by Winklbauer & Schu « rfeld (1999) , account for much of the early involution movements. Finally, convergent extension also morphologically de¢nes the anteroposterior body axis. The prospective anteroposterior body axis of vertebrates is remarkably short and wide in the pregastrula stages. The dorsal mesodermal and neural tissues converge and extend tremendously during gastrulation and neurulation, pushing the head away from the tail, and thereby morphologically de¢ning the anteroposterior body axis that is so important in getting through life head ¢rst (¢gure 2).
AMPHIBIAN CONVERGENT EXTENSION IS AN ACTIVE, FORCE-PRODUCING PROCESS
The ¢rst step in analysis of an example of speci¢c convergent extension movement is determining whether it is an active, force-producing process or a passive response to forces produced elsewhere in the embryo. The source of the forces causing these movements in amphibians remained a mystery until explants of tissue actively converged and extended in culture, mechanically isolated from the rest of the embryo (Schechtman 1942; Holtfreter 1944; Jacobson & Gordon 1976; Keller et al. 1985) . In 900 R. Keller Comparison of the convergence and extension movements in (a) the whole embryo, and (b) an explant of the dorsal sector of the gastrula. Normally the prospective notochordal (No, dark shading) and somitic (So, medium shading) mesoderm involutes beneath the prospective posterior hindbrain (Hb) and spinal cord (Sc, light shading) and the mesodermal and neural tissues converge and extend posteriorly together (arrowheads in a). When the dorsal sectors of two early gastrulae are cut out and sandwiched with their inner, deep cell surfaces together, the explant converges, extends and di¡erentiates in culture without forces generated in the rest of the embryo and without traction on an external substratum (b). Histowiggler' during a compressive stress relaxation test for tissue sti¡ness (see Moore et al. 1995) . (b) Compression stress relaxation tests compare sti¡ness (E in N m 7 2 after 180 s compression) of the mesoderm of the early gastrula before involution with sti¡ness of the same tissue at the late midgastrula stage, after involution. (i) Before involution, E(180)ˆ¹3^4 N m 7 2 ; (ii) after involution, E(180)ˆ¹14^15 N m 7 2 . The tissues tested are shown in grey shading; the test was done with compression along the anteroposterior axis. The force of extension is measured with an isometric force measurement (c) in which a converging and extending explant (shaded) extends against the probe of the Histowiggler with a force (dark arrow) that is balanced by an opposing force from the Histowiggler probe (light arrow) such that the length of the explant does not increase. Force measurement, 1.0^1.2 m N for a sandwich of two and 0.5^0.6 m N for a dorsal mesoderm. (d ) Convergence and extension of the mesoderm is independent of the blastocoel roof. When deprived of its normal migratory substrate, the blastocoel roof (i), dorsal notochordal (N) and somitic tissue (stained) converge and extend (arrows) without the overlying substrate (ii). The blastopore is indicated by BP or a triangle. (e) The extending axial and paraxial mesoderm controls the shaping of the embryo. When a blastocoel roof substrate is o¡ered to the extending dorsal mesoderm, o¡-axis, at the sides of the embryo (dorsal is at the bottom of the ¢gure) (i), the dorsal mesoderm extends up the midline of the embryo, and the`substrates' on both sides are pulled dorsally, over the extending mesoderm (ii, arrows). explants composed of two dorsal sectors of the early Xenopus gastrula sandwiched together, the prospective notochordal and somitic mesoderm and the prospective posterior neural tissues converge and extend by internally generated forces, independent of traction on the substrate and of forces generated elsewhere in the embryo (Keller et al. 1985; Keller & Danilchik 1988 ) (¢gure 3).
(a) Tissues undergoing convergent extension form a sti¡ embryonic skeleton that de¢nes the shape of the embryo The independent convergence and extension of sandwich explants in culture implies that these tissues must push and exert enough force to overcome their own internal resistance to distortion and to deform the neighbouring, passive tissues in the embryo as well. In fact, the converging and extending tissues sti¡en to form an embryonic`skeleton' capable of pushing forces that elongate the embryonic axis and take a leading role in de¢ning the shape of the early embryo. Moore and associates (Moore 1992; Moore et al. 1995) developed a computer-controlled, biomechanical measuring device, the`Histowiggler' (¢gure 4a), capable of measuring mechanical properties of embryonic tissues and the forces they generate. Uniaxial, compression, stress relaxation tests made with this machine showed that the dorsal mesodermal tissue sti¡ens in the axis of extension by a factor of three or four during extension (¢gure 4b), and isometric force measurements show that it is capable of pushing with a force of about 0.5 m N (Moore 1992; Moore et al. 1995) (¢gure 4c). The onset of this sti¡ness is regulated such that it occurs after involution of the mesodermal tissues. Patterning the expression of this increased sti¡ness to the post-involution region appears to be essential for gastrulation. When substantial pieces of the post-involution mesoderm are grafted back to the lip of the blastopore, they will not involute but will sit up on the lip of the blastopore like a canoe on the edge of a waterfall, apparently too sti¡ to turn the corner (R. Keller, unpublished data) .
The role of the sti¡, forcefully extending mesoderm in shaping the embryo is illustrated by experiments in which the roof of the blastocoel was removed (Keller & Jansa 1992) . Under these conditions, the axial and paraxial mesodermal tissues involute and extend into the liquid medium without an overlying blastocoel roof to serve as a substratum (¢gure 4d ). Moreover, these dorsal mesodermal tissues, rather than the blastocoel roof`substratum', dominate the shaping of the embryo. If fragments of blastocoel roof are o¡ered as substrata for migration in regions to the sides of the axis of extension, these tissues do not change their direction of extension to accommodate the substratum; rather the substratum is pulled over the sti¡ened, extending tissues (¢gure 4e).
The neural region can also push, although the force it generates has not been measured. When put in serial opposition with the mesodermal component by barricades at both ends of the extending explant, the neural region buckles in the face of extension of the mesodermal region, arguing that the neural region is the least sti¡ and thus probably weakest extender of the two. In the embryo, the mesodermal tissues are fastened to the overlying neural plate by a strong attachment of the notochord to the region of the neural plate overlying it, the`notoplate' ( Jacobson & Gordon 1976) . These attached neural and mesodermal tissues extend together (A. Edlund and R. Keller, unpublished data; Keller et al. 1992a) . In this situation, the force generated should be at least the sum of the forces generated separately, but may be greater if contact between them makes one, the other, or both more forceful in extension.
(b) Biomechanics of other systems
It is not clear whether many examples of convergence and extension are active or passive processes, and, if active, how much force they generate. The axial and paraxial tissues of ¢shes can extend as explants, in isolation from the embryo (see Laale 1982) , and they can push into the yolk in teratogenized embryos (see Bauman & Sanders 1984) , implying an internal, force-generating process. However, the notochord and somitic ¢les in these explants are often kinked, as if they bucked in the process of extending, suggesting that the converging and extending tissues of the teleost ¢shes may be less sti¡ and extend with less force than those of Xenopus. The variation in design of early morphogenesis is substantial, even between closely related taxa of amphibians (Keller 2000) , and thus mechanical variations of this type should be expected among the vertebrates. Imaginal leg discs of Drosophila (see Condic et al. 1991) converge and extend during evagination in culture, which indicates an active process. Experimental manipulation and ¢nite element modelling suggests that the archenteron of echinoderms converges and extends by an internal, force-producing process (Hardin & Cheng 1986; Hardin 1988) , and mutations a¡ecting germ band elongation in Drosophila suggest but do not prove that the same may be true of this process (see Irvine & Wieschaus 1994) .
AMPHIBIAN CONVERGENT EXTENSION OCCURS BY CELL INTERCALATION
Because convergent extension of axial structures of amphibians occurs in absence of cell growth and the appropriate changes in cell shape, Waddington (1940) suggested that these movements occur by the rearrangement of cells. In fact, morphological studies, tracings of cells with £uorescent labels, and time-lapse recordings of cell behaviour in both mesodermal (Keller & Tibbetts 1988; Keller et al. 1989a; Wilson et al. 1989; Wilson & Keller 1991; Shih & Keller 1992a,b) and neural regions of Xenopus Elul et al 1997; Elul & Keller 2000) have shown that these tissues converge and extend by two types of cell rearrangement. To understand these rearrangements it is important to know that the regions involved consist of a single layer of super¢cial epithelial cells and several layers of deep, mesenchymal cells (¢gure 5a). In the ¢rst half of gastrulation, the deep mesenchymal cells of the mesoderm (Wilson et al. 1989; Wilson & Keller 1991 ) and the posterior neural tissue ) undergo radial intercalation (Keller 1980 ) in which they intercalate along the radius of the embryo, normal to its surface, to produce a thinner array that is also longer in the prospective anteroposterior axis (¢gure 5a). Radial intercalation of several layers of deep cells to form one is also the cellular basis of the extension of the neural and mesodermal tissues in sandwich explants (Wilson & Keller 1991; Keller et al. 1992a ) (¢gure 5b). Radial intercalation also occurs in the animal cap region of the embryo, but there the increase in area is more uniform in all directions, rather than primarily along one axis. The mechanism of this di¡er-ence between the animal cap and the neural and mesodermal tissue is not known.
The super¢cial epithelial cells do not participate in radial intercalation in Xenopus, but spread and divide to accommodate the larger area of the spreading deep cell population (Keller 1978 (Keller , 1980 . This is not the case in many other species of amphibian, particularly the embryos of the urodeles in which the deep cells intercalate between the super¢cial epithelial cells to form one layer, according to the published work (reviewed in Keller 1986 ). The intercalation of deep mesenchymal cells outwards, into the epithelium, has never been observed directly, nor is the mechanism known by which this might happen while maintaining tight junctions and an intact physiological barrier.
Following radial intercalation, convergence and extension occurs as the deep cells of the prospective mesodermal and neural tissue undergo mediolateral intercalation by moving between one another along the mediolateral axis to produce a narrower, longer, and usually somewhat thicker array (Keller et al. 1989a Shih & Keller 1992a,b) (¢gure 5a,b). The super¢cial epithelial cells accommodate this narrowing and extension of the deep cell array by also Radial intercalation consists of several layers of deep cells intercalating along the radius of the embryo (normal to the surface) to form fewer layers of greater area. Mediolateral cell intercalation consists of multiple rows of deep cells intercalating along the mediolateral axis to form a longer, narrower array. Radial intercalation occurs ¢rst, followed by mediolateral intercalation in both the mesodermal and neural tissues. The overlying epithelial layer (epith) of the embryo is shown. From Keller et al. (1991a, b) .
intercalating mediolaterally, as well as by dividing and spreading (see Keller 1978) .
Mediolateral intercalation is patterned in space and time, occurring progressively in both the mesodermal and neural tissue in the second half of gastrulation and through neurulation. It originates in the anterior, lateral regions of both tissues, and spreads posteriorly and medially Domingo & Keller 1995; Elul & Keller 2000 ) (see } 9). Mediolateral intercalation of mesodermal cells occurs mostly at and beyond the blastoporal lip in the post-involution region, whereas radial intercalation of mesodermal cells occurs predominantly in the pre-involution region (¢gure 5a,b). However, there are exceptions to this rule. In late gastrulation and early neurulation, the prospective somitic mesodermal cells of the lateral and ventral margins of the blastopore undergo radial intercalation, followed by mediolateral intercalation in the post-involution region (Wilson et al. 1989) . Also, the rapid spreading of the mesoderm^endoderm just after its rotation and application to the roof of the blastocoel appears to involve radial intercalation (Winklbauer & Schu« rfeld 1999) . Mediolateral intercalation appears to be coincident with the sti¡ening of the post-involution mesoderm described in ½ 9(a),(c).
(a) Mechanisms in other systems
Most examples of convergent extension appear to occur by cell intercalation, although other processes may be involved as well. Cell intercalation contributes to convergent extension of the sea urchin archenteron (Ettensohn 1985; Hardin & Cheng 1986; Hardin 1989) , the germ band of Drosophila (Irvine & Wieschaus 1994) , and the axial, paraxial, and neural structures of ascidians (Cloney 1964; Miyamoto & Crowther 1985) , ¢shes (Warga & Kimmel 1990 ), birds (Schoenwolf & Alvarez 1989) , and mammals (Sausedo & Schoenwolf 1994) . In contrast, the imaginal leg disc of Drosophila undergoes convergent extension mostly by cell shape change (Condic et al. 1991) , although cell intercalation may be involved as well. Likewise, change in cell shape, as well as intercalation, plays a role in nematode morphogenesis (Priess & Hirsh 1986; Williams-Masson et al. 1997) . In addition to cell intercalation, orientated cell division is a factor in convergent extension of the neural plate of birds (Schoenwolf & Alvarez 1989) , the early morphogenesis of the ¢sh embryo (Concha & Adams 1998) , and Drosophila germ band morphogenesis (Hartenstein & CamposOrtega 1985) .
Cell growth could also potentially contribute to increased length during convergence and extension in some systems, such as the mouse, which develop an early yolk sac placenta and thus have an external source of nutrients that allows them to grow substantially during gastrulation and neurulation (Snow 1977) . Amphibians, which have no large external supply of nutrients but rely instead on intracellular stores of yolk, do not show a general increase in cellular volume prior to feeding (see Tuft 1962), the exception being the osmotic swelling of the notochordal cells in the tailbud stages (see Adams et al. 1990) . Teleost ¢shes (Warga & Kimmel 1990 ) and birds (see Schoenwolf & Alvarez 1989 ) probably also do not grow signi¢cantly prior to the development of the circulatory system.
MECHANISMS OF MEDIOLATERAL CELL INTERCALATION
To understand convergence and extension by cell intercalation we must understand the motility that cells use to move themselves between one another in the face of internal and external mechanical loads. A description of a speci¢c cellular motility, a`cellular machine', is needed. The cellular basis of mediolateral cell intercalation will be discussed exclusively here, although similar cell motility and mechanical principles may be involved in radial intercalation (see Keller 1980; Davidson & Keller 1999) .
What do cells do in order to intercalate? Resolving cell behaviour in a cell population presents several challenges. First, the Xenopus embryo consists of an outer epithelial layer and several layers of deep, non-epithelial, mesenchymallike cells, raising the question of the relative contribution of each to the forces producing convergent extension. For both mesodermal ) and neural tissue (Elul et al. 1997) , the deep, mesenchymal cell population alone can produce convergent extension. The super¢cial epithelial layer of the Xenopus embryo has not shown convergence and extension by itself, in explants, but this could be an artefact of explantation and culture conditions. Thus whether the epithelial layer can also contribute to force generation when attached to the deep region in the embryo is not known. For the present, the deep region is the only layer that has been demonstrated to converge and extend by itself.
To visualize deep cell behaviour, the`open-faced explant' and the`deep cell explant' were designed to expose these deep cells to modern imaging methods (Keller et al. 1985; Keller & Danilchik 1988; Shih & Keller 1992a,b) . The open-faced explant consists of culturing one of the dorsal mesodermal^neural units making up the sandwich explant (¢gure 3) alone, with the deep cells facing the microscope objective. The deep cell explant consists of just the deep cells of the same embryonic region, isolated at the midgastrula stage . In addition, a solution mimicking the composition of the blastocoel £uid (Danilchik's solution) was developed in order to support normal deep cell behaviour in culture (for the original version see Keller et al. (1985) and Keller & Danilchik (1988) ; for a more recent version see Sater et al. (1993) ).
Low-light £uorescence microscopy and time-lapse recordings of deep cells labelled with £uorescent markers revealed the protrusive activity and cell behaviour underlying mediolateral cell intercalation in the notochord (Keller et al. 1989a) , in the dorsal mesoderm before and after formation of the notochordal^somitic boundary (NSB) (Shih & Keller 1992a,b) , and in the neural tissue under several conditions of patterning (Elul et al. 1997; Elul & Keller 2000) . From these studies, several major types of cell behaviours were found to underlie active, substrate-independent cell intercalation: (i) a bipolar, mediolaterally orientated protrusive activity in the mesoderm; (ii) a boundary-mediated, boundary-capture mechanism in the notochordal mesoderm; (iii) a monopolar, medially directed protrusive activity in the neural tissue; and (iv) a bipolar, mediolaterally orientated protrusive activity in the neural tissue, which occurs only under abnormal tissue interactions and probably represents a latent pattern of cell motility that is not used in the embryo.
(a) Mesodermal cell intercalation : the bipolar, mediolaterally orientated mode The prospective dorsal mesodermal cells of Xenopus early gastrula initially show multipolar protrusive activity in all directions (¢gure 6a). At the midgastrula stage, when mediolateral cell intercalation and the resulting convergent extension begin, the cells locally adopt a strongly bipolar morphology and show protrusive activity orientated strongly in the medial and lateral directions (¢gure 6b). These protrusions appear to adhere directly to adjacent cells and result in traction on their surfaces. As a result, the cells become elongated and their long axes become aligned parallel to the mediolateral axis of the embryo (Shih & Keller 1992a,b) (¢gure 6b). The mediolaterally orientated traction of neighbouring cells on one another appears to pull them between one another, thus producing a forceful mediolateral intercalation that serves to narrow and elongate the tissue (¢gure 6b).
(b) Mesodermal cell intercalation : the monopolar, boundary-capture mode At the late midgastrula stage, the NSB forms within this array of bipolar, mediolaterally intercalating cells. At this point, a second, boundary-associated mechanism of mediolateral cell intercalation comes into play. Tracings of the NSB backwards in time-lapse recordings show that the prospective boundary is an irregular line, passing in zig-zag fashion between the future notochordal and somitic cells. The boundary takes form as this line straightens and a smooth interface is formed between the notochordal and somitic cells (¢gure 6c). Notochordal cells that initially form the boundary bleb for a short time and then cease protrusive activity at their boundary ends, forming a £at surface in the plane of the boundary (¢gure 6d ). Very few of these cells leave the boundary once they are in contact with it, and thus they are`captured' by the boundary, resulting in its elongation ) (¢gure 6d,e). Meanwhile, the protrusive activity characteristic of the former bipolar state continues at the inner (medial) ends of these cells, which is thought to exert traction on the interior notochordal cells, thus pulling them into the boundary. The cells in the interior of the notochord continue to intercalate using the bipolar mode, thus progressively converging the notochord and bringing its interior cells into contact with the boundary where they also undergò boundary capture'. These processes continue until ultimately the notochord has extended greatly and converged to less than two cells in width (¢gure 6e) (see Keller et al. 1989a) . Note that this mode of cell intercalation involves modi¢cation of the bipolar orientated form to a monopolar, directional form of intercalation behaviour in which one end of the cell, the boundary end, is quiescent and the other continues traction on adjacent bipolar cells that have not yet contacted the boundary. Boundary capture was invoked originally by Jacobson and associates as a boundary-mediated mechanism of elongating the nervous system (see Jacobson et al. 1985 Jacobson et al. , 1986 Jacobson & Moury 1995) .
(c) Misunderstandings
Several points of confusion have emerged over the years since these behaviours were ¢rst described (Shih & Keller 1992a,b) . First, the bipolar mode of mediolateral cell intercalation is an independent mechanism of intercalation that occurs before the boundary-capture mechanism comes into play. Its ¢rst expression is in the vegetal alignment zone (VAZ) (discussed in } 9(a)), which forms before the notochordal^somitic mesodermal boundary. Moreover, the bipolar mode continues within the interior, non-boundary regions of both the somitic and notochordal regions after formation of the NSB. Second, evidence thus far suggests that the bipolar mode consists of an orientated behaviour, not a directional behaviour. There is no evidence that the medial and lateral ends of the cells di¡er in any way, nor is there evidence that they are undergoing a`directed migration'. In fact, their activities appear to be balanced and equivalent in the medial and lateral directions, and we make the At the mid-gastrula stage, they show bipolar, medially and laterally orientated protrusive activity, extending protrusions that appear to exert traction on adjacent cells. As a result, they elongate in the mediolateral direction and appear to pull themselves between one another along the mediolateral axis. At the late midgastrula stage, the notochordal^somitic boundary (NSB) begins to form. The decision as to where it will form is made (white line, c), but initially it has no morphological identity. Then the boundary takes form as it straightens and the sides of the cells facing the boundary, or entering the boundary, spread on the boundary and cease protrusive activity (light shading, d ). Once they touch the boundary, they rarely leave it again (boundary capture). The internal notochord cells continue to intercalate to form a narrower array, and they progressively come into contact with the boundaries. (d, e) As the invasive, tractive ends of the internal bipolar cells contact the boundary (dark shading, arrowhead), they spread on the boundary and become quiescent (light areas). Redrawn from Keller et al. (1992b). argument below (} 6(g) ) that this balance is necessary for convergent extension to occur. Thus the behaviour is orientated parallel to the mediolateral axis but it is not directional. In contrast, the monopolar mode of intercalation is a directional behaviour with a stabilized lateral end and the tractional protrusive activity pointed medially. Third, the exercise of the bipolar mode within the notochord will inevitably bring all the internal notochord cells into contact with the boundary without any bias in the motility of these cells toward the boundary. Fourth, it is an attractive idea that the bipolar, internal notochordal cells recognize a signal emanating from the boundary at some point in their inevitable movement towards it, and accelerate their movement in that direction. However, there is no evidence supporting this notion. If such an acceleration occurs, it must occur very close to the boundary and will require a more detailed statistical analysis of rates of movement with distance from the boundary than has been done this far.
(d) Neural cell intercalation : pattern-speci¢c modesöthe bipolar and the monopolar modes As noted above, the neural tissue of Xenopus ¢rst extends and thins by radial intercalation and then actively converges and extends using mediolateral cell intercalation . As with the mesoderm, the cell behaviour driving radial intercalation has not been observed and remains unknown.
Turning to the mediolateral intercalation, Elul and associates (Elul et al. 1997; Elul & Keller 2000) found that the deep neural cells are capable of two mechanisms of convergence and extension, depending on degree of vertical interaction with the underlying mesoderm. Deep neural tissue explanted into culture from a late midgastrula shows no morphological or behavioural regionalization (¢gure 7a,c). In contrast, deep neural tissue explanted with the underlying notochordal and somitic mesoderm shows the normal subdivision into a medial notoplate, which is that part of the neural plate overlying the notochord (see Jacobson & Gordon 1976) , and a lateral neural plate (¢gure 7b,d ).
The deep neural explant undergoes mediolateral cell intercalation and convergent extension using a bipolar form of cell behaviour similar to that seen in the mesoderm (¢gure 7c). However, it di¡ers in having a greater frequency of formation of new protrusions per hour compared with mesodermal cells (Elul et al. 1997) . It is also more episodic; instead of elongating mediolaterally and maintaining that shape, as the mesodermal bipolar cells do, the neural cells extend protrusions, elongate and then shorten again in more of an inchworm fashion (see Elul et al. 1997) . These di¡erences could re£ect di¡erences in how forces are generated by the cells. The mesodermal cells may exert relatively continuous traction, using short, local extensions, attachment, and retraction of protrusions, with the retractive force re£ecting a local contractile event and short episodes of traction. In contrast, the neural cells appear to extend further, shorten more, and involve more of the whole cell in an active contraction.
The explants of deep neural tissue made with underlying mesoderm show a dramatically regionalized cell behaviour, the regions corresponding to the notoplate, the neural plate, and the boundary between them (Elul & Keller 2000) (¢gure 7d ). The deep neural plate cells, located on both sides of the midline notoplate, show a monopolar, medially directed protrusive activity (¢gure 7d,e). The monopolar medially directed protrusive activity appears to exert traction on adjacent cells and pull the cells between one another in a fashion similar to that seen in the bipolar mode, but in this case the motility is directed towards the midline (¢gure 7d,e). In contrast, the midline notoplate cells show a multipolar, randomly orientated protrusive activity (Elul & Keller 2000) (¢gure 7d,e).
The boundary between the notoplate and neural plate is not a physically well-de¢ned border like that seen between the notochordal and somitic mesoderm (see . However, cells do not cross the boundary in either direction after stage 11, the midgastrula stage, in explants (Elul & Keller 2000) or in the embryo (A. Edlund and R. Keller, unpublished data) . Cells of the neural plate that approach the notoplate^neural plate boundary either stop, or they turn posteriorly and show protrusive activity in that direction (¢gure 7e). It is possible that this behaviour results in a shearing force of the neural plate against the notoplate at the boundary between them, tending to pull the neural plate posteriorly, but there is no evidence for or against this notion.
(e) The notoplate: attachment, directional spreading and towing The notoplate is an isolated cell population after stage 11, the midgastrula stage, when it nominally consists of a deep and a super¢cial layer. Deep cells will not cross the notoplate^neural plate boundary in explants (Elul & Keller 2000) or in embryos after this stage (A. Edlund and R. Keller, unpublished data). In dissections of living embryos, the deep cells of the notoplate are tightly joined to the underlying notochord from stage 11 to 11.5 (late midgastrula) onwards, whereas the lateral neural plate is much more easily removed from the underlying somitic mesoderm (R. Keller, unpublished data). As the deep layer of cells of the two-layered neural plate undergoes radial intercalation to form the single layer of cells making up the neural tube, nearly the entire £oor plate is formed from these tightly attached deep cells of the notoplate (A. Edlund and R. Keller, unpublished data) . The notoplate cells show multipolar protrusive activity in all directions. It is di¤cult to see how the notoplate would actively converge and extend using this type of isotropic protrusive activity. When challenged with notochord and somitic tissue as substrates, the deep notoplate cells, as well as the intact tissue, spread on the notochord (R. Keller and A. Edlund, unpublished data) . Thus one possibility is that in the embryo the notoplate cells may spread posteriorly on the notochord as the notochord elongates in that direction, and thus be towed along by the underlying notochord. The neural plate, attached to the lateral aspect of the notoplate, would then, in turn, be towed along by the notoplate. This towing would be in addition to its endogenous convergent extension driven by the monopolar mode of intercalation described above (} 5(d) ). These are speculations. The contribution of passive towing of the neural tissue by virtue of its attachment to the extending notochord, the contribution of active migration of the notoplate posteriorly on the extending notochord, and the contribution of active extension of the notoplate^neural plate should be determined as part of a comprehensive mechanism of neural extension.
(f) Di¡erences between the bipolar and monopolar modes of neural cell intercalation
The medially directed, monopolar mode of neural cell intercalation di¡ers in several ways from the bipolar, mediolaterally orientated mode. First, the monopolar mode results in a conservative pattern of cell intercalation with mostly nearest neighbours intercalating with one another at any one time. In contrast, the bipolar mode results in a promiscuous pattern of intercalation in which cells mix with neighbours further a¢eld and more often (Elul & Keller 2000) . Second, the bipolar mode seems less e¤cient than the monopolar mode in producing convergent extension. Extension is usually less in the deep neural explant, which uses the bipolar mode, than in the deep neural tissue plus mesoderm explant, which uses the monopolar mode. This di¡erence may be due to inherent properties of the two modes of neural cell intercalation. In the bipolar mode, the neighbour changes appear more chaotic and involve relatively rapid, long-distance movements of cells ¢rst in one direction and then the other along the mediolateral axis, often resulting in exchange of places along the mediolateral axis without producing net convergence and extension. We think that the bipolar mode depends on balanced traction, which may make it inherently a less stable and e¤cient mechanism of intercalation than the monopolar mode, which, of course, does not require balanced traction (see } 6(a)). On the other hand, the bipolar mode, as it is expressed in the mesoderm, appears to be more e¤cient at producing convergent extension than the neural bipolar mode. One explantation for this di¡erence may be that the neural bipolar mechanism is a latent mechanism, needed as an underpinning for the de¢nitive monopolar mode but never used alone in normal development (see below), and not capable of producing e¤cient convergent extension by itself.
Alternatively, or perhaps in addition, the deep neuralover-mesoderm explants may extend better than the deep neural explants because of the possible towing of the notoplate by the underlying notochord or the possible active posterior spreading of the notoplate referred to above. Resolving these issues depends on being able to design an explant in which the mesoderm is allowed to induce the monopolar intercalation behaviour, but then is removed so that the notochord cannot act as a substrate or as a towing device. This is now possible.
Finally, the episodic bipolar, mediolaterally orientated mode of neural cell intercalation is probably not used in normal development of the embryo. This mode of intercalation behaviour occurs only in explants developing under the transient planar and vertical signals from the organizer tissue that function during the ¢rst half of gastrulation (Elul et al. 1997; Poznanski et al. 1997; Elul & Keller 1999 ). The monopolar, directional protrusive activity emerges only with persistent, vertical interactions between mesoderm and the overlying neural tissue. Thus in the embryo, the bipolar mode is either not used, or used very brie£y during midgastrulation before the monopolar mode comes into play.
Why then is the bipolar mode of neural cell intercalation expressed at all under the in£uence of transient interactions in the early gastrula stage? If it is used little or not at all in the embryo, why has the subcellular machinery essential for its expression persisted, and why does it emerge as a functioning mode of cell intercalation when deep neural tissue develops under abnormal signalling ? Perhaps the bipolar mode is preserved because expression of the monopolar mode depends on components of the bipolar machinery. If so, the bipolar mode may be a latent mechanism, never used for its own sake but retained only as a prerequisite for the monopolar mode. Under the simpli¢ed planar and transient signalling regime under which the deep cell explant develops, the bipolar neural mode of intercalation re-emerges as an independent mechanism. We view the normal mechanisms of morphogenesis as products of much evolutionary history, with parts of some earlier versions of morphogenic machines used as underpinnings for the extant mechanisms. Manipulating signalling pathways and tissue interactions in embryos may uncover these latent machines as separate mechanisms, which perhaps no longer work all that well by themselves.
(g) Local motility, global displacement : the e¤ciency of cell intercalation as a mechanism of convergent extension Convergent extension by cell intercalation is a highly e¤cient mechanism of translating local cell traction into global displacement of cells. There is the small, local displacement of a given cell with respect to its neighbours, due to its own motility, and there is the much larger global displacement of the cell that occurs by virtue of the cell's membership in the aggregate. The integration of small local movements over the tissue makes the latter movements very large. If each cell moves an average of half a cell diameter with respect to its neighbours in the mediolateral direction, the length of the tissue will be doubled and its width halved. For this reason, the ¢rst direct visualization in time-lapse recordings of cell intercalation as a mechanism of convergent extension was subtle; looking locally, not much seemed to be happening, but the displacement of the cells overall was great (Keller et al. 1989a; Shih & Keller 1992a,b) . Note that in the Xenopus mesoderm, cell shape change is counterproductive in producing convergent extension; the cells are elongated in the dimension of convergence and shortened in the dimension of extension. Nevertheless, multiple rounds of cell intercalation are very e¡ective and e¤cient in elongating and narrowing the axial and paraxial tissues.
Finally, a cell's apparent speed and direction of movement is determined by the reference point used in visualizing converging and extending tissues. If, in the case of the extending neural tissue, for example, the position of the forebrain is held constant, cells progressively more posterior in the axis will appear to move posteriorly at greater rates, although the local motility of the cells may be exactly the same as those cells further anteriorly that appear to be moving more slowly. If the posterior end of the neural plate is used as the reference point, cells appear to move anteriorly, and the rate of displacement in regard to anteroposterior position is reversed. These considerations should be taken in to account when describing examples of convergent extension.
A CELL ± CELL TRACTION MODEL OF CELL INTERCALATION
Here we hope to identify the important properties of cells and the interactions between cells that will allow them to intercalate forcefully and yet maintain a sti¡ array capable of generating the pushing forces described above (} 3(a) ). Concepts about how the motility and the adhesion of cells are related to a force-producing convergent extension on the part of the tissue as a whole are poorly developed. To address this de¢ciency we will describe a model of cell intercalation, specifying parameters of cell adhesion, cell traction, and cell contact behaviour that are based on and account for experimental observations of cell intercalation. We consider the mechanisms proposed to be working hypotheses to guide further observations and experiments.
It seems wise at this point to consider both cell^cell and cell^matrix-mediated intercalation mechanisms, because both seemed to be involved. Supporting the cellĉ ell traction model, the intercalating cells appear to be exerting traction directly on the surfaces of neighbouring cells in both the mesoderm (Shih & Keller 1992a,b) and in the neural plate (Elul et al. 1997; Elul & Keller 2000) . In addition, there is evidence that speci¢c protocadherins in the axial ) and paraxial mesoderm ) may be involved in convergent extension, which, in its simplest interpretation, implies a cell^cell-mediated process. In scanning electron micrographs (SEMs) connecting protrusions seem to be applied directly to adjacent cells without intervening matrix (¢gure 9; Keller et al. 1992b) . However, there is also evidence that cell^matrix interactions are involved in NSB-mediated intercalation (P. Skoglund, unpublished data; see } 8), and perhaps in other regions of the mesoderm as well.
(a) Cell^cell traction model requires regionalized function : tractive protrusions at the ends of the cells and the cell body serving as movable substrata Both the monopolar and bipolar modes of cell intercalation require the cell body to serve as a substratum, thus providing stable anchorage for the tractive protrusions that pull the cells between one another (¢gure 8a,b). Moreover, each cell must restrict its tractive protrusive activity to the medial and lateral ends in the case of the bipolar mode (¢gure 8a), and to the medial ends in the case of the monopolar mode (¢gure 8b). Thus each cell has a dual function: one or both ends of the cell exerts traction on a substratum, and at the same time, the surfaces of the cell bodies, especially the apposed anterior and posterior surfaces, serve as`movable substrata'. Intercellular traction must be con¢ned to the end(s) of the cells. When`tractoring' is spread over the cell body, such as in the cortical tractor model of cell movement discussed in ½ 6(f ), the substrate function of the cell body is pre-empted, no stable substratum is available, and the cell^cell traction model will not work. Based on time-lapse recordings of mesodermal cell behaviour (Shih & Keller 1992a,b) , the tractive force appears to be generated locally. These cells show short advances and retractions of the tractive protrusions at the medial and lateral ends, tugging on and distorting neighbouring cells in the process. In the neural cell intercalation behaviour, which is made up of larger, more episodic extension and retraction cycles, traction may involve contraction of a larger part of the cell body. These cells show a greater change in aspect ratio in a cyclic fashion (see Elul et al. 1997) , suggesting that the traction-generating machinery may involve more of the cell body. Nevertheless, the traction seems to be con¢ned largely to the protrusions at one or both ends, rather than along the entire cell body, based on distortions of adjacent cells in response to protrusive activity of a given cell.
(b) The cell body as a substratum : an attachment for tractive protrusions that will resist tangential deformation (shear with respect to the cell surface) As a substrate, the cell surface must o¡er resistance to deformation parallel to the cell surface (resistance to shear) under the traction of adjacent cells (¢gure 8c). The sti¡ness that de¢nes the substrate function of the cell 
(ii)
anchor to cortex transcellular anchor body could be a permanent property of the cell cortex, or this property could be contact induced, speci¢cally by contact of a tractive protrusion on a cell body. Such resistance to shear must involve anchorage of the cell adhesion molecules to the cytoskeleton. We envisage that the relevant cytoskeleton could be a cortical cytoskeleton, perhaps permanently in place, or a transcellular cytoskeleton induced by the tractive adhesions as they advance (¢gure 8a,b). We do not know how the cytoskeleton of the mesodermal and neural cells is organized in the three-dimensional tissue array while they are intercalating. Visualizing the cytoskeleton in these large yolky cells is di¤cult but such studies should be done.
Arguing from results in other systems, the resistance to deformation on the part of the cell body could be induced by the forces exerted on the cell body by the tractive protrusions. The attachment of integrin matrix receptors to the cytoskeleton is strengthened by resistance o¡ered to the movement of a matrix-coated bead (Choquet et al. 1997) . The identity of the receptor^ligand system involved in the adhesion of the putative tractive protrusions to the cell body are not known, and therefore it is not known if such a response is likely among intercalating cells. However, time-lapse recordings of pairs of £uorescently labelled, intercalating cells often show repeated attachments and tugging on one another, with the substrate cell body seemingly o¡ering greater resistance on repeated tuggings (R. Keller, unpublished data). These observations are anecdotal and should be pursued in a formal way, perhaps using two-colour £uorescent time-lapse imaging to distinguish better the deformation of the cell exerting traction and the one o¡ering its cell body as substrate.
A better way to approach the problem of both tractive force and resistance of the substratum to shear would be to test both using mechanical manipulation of beads coated with the appropriate ligands. However, an important missing piece of information for analyses of this type is the identity of the cell adhesion system involved in the traction events. This information is needed because the response of the system to mechanical stress is likely to be speci¢c to the adhesion system. The analysis of mechanical aspects of regulating adhesion molecule or matrix receptor location, function and attachment to the cytoskeleton promises to be complex (see Evans et al. 1991; Lee et al. 1993; Choquet et al. 1997) , and perhaps all the more interesting in the specialized mechanical environment of the intercalating cells.
A common and important element in our model of both monopolar and bipolar modes of intercalation is that each cell spends a high proportion of time functioning as a tension-bearing element in a chain of tension-bearing elements. The tensile elements forming the cortex or spanning the cell cytoplasm, must link the traction sites of other cells on the body of a given cell to that cell's own tractive protrusions or to traction sites of another cell pulling from the opposite direction (¢gure 8a,b). A novel feature of this chain is that the links (the cells) can move, thus shortening the chain, but the movement of the links must not break the chain. In the case of the bipolar mode, this means that the cells must show continuous, balanced traction on the medial and lateral ends. If the traction of a cell becomes substantially unbalanced, it will move in the direction of the strongest traction, and the chain is essentially broken. And if many cells become unbalanced, randomly, in the medial or lateral direction, the cells will simply exchange places, rather than shorten the chain. In the case of the monopolar mode, traction must be strongly and constantly biased in the medial direction. Again, if cells show mixed, medially directed and then laterally directed traction, a medially or laterally directed`migration' will occur, again resulting in exchange of places without extension-producing intercalation.
(c) The paradox of sti¡ness and pushing in the presence of neighbour exchange requires a special type of adhesion, the`sti¡ening adhesion' As noted above (} 3(a)), the dorsal mesodermal tissue is sti¡er in the anteroposterior axis by a factor of three to four during convergent extension (Moore et al. 1995) , which allows it to push with a force of about 0.5 m N (Moore 1992) . Sti¡ness is necessary because if a tissue is to push, it must resist bending under the load imposed by internal resistance and the resistance of surrounding tissues. To form a sti¡ tissue, the cells composing the tissue must resist deformation, and they must resist rearrangement under an external load. However, at the same time, mediolateral cell intercalation must occur in order for the tissue to extend.
How then do cells of a tissue exchange neighbours while the tissue remains sti¡ enough to support a compression load? The cells must be attached tightly to one another in such a way that they resist exchange of neighbours under external loads but can exchange neighbours as a result of the internally generated, tractive forces proposed above. This requires a second, special type of cell^cell adhesion, the sti¡ening adhesion.
Sti¡ening adhesions are predicted to lie along the anterior and posterior surfaces of the cell bodies (¢gure 8a,b) where they join cells together, fore and aft, and resist separation normal to the surface of the cell (¢gure 8d ). However, these sti¡ening adhesions must o¡er little resistance to tangential movements (parallel to the cell surface) in order to allow the cells to slide by one another during cell intercalation (¢gure 8d ). Moreover, as a cell advances between two others, and exchanges neighbours, it must assemble new sti¡ening adhesions with its new neighbours. Thus at the ends of the cells there should be zones of regulated assembly (or disassembly) of the stiffening adhesions. Finally, the sti¡ening adhesions must also allow the tractive protrusions to pass through them, and thus they should show a contact-induced disassembly on approach or on contact by the large, advancing, tractive protrusions that pull cells between one another (¢gure 8e). It is important to emphasize that we do not expect this disassembly to be due to mechanical forces pulling the adhesions apart, but a contact-mediated controlled process of disassembly.
(d) Rules of contact-mediated regulation of protrusive activity and adhesion
The invasive, tractive protrusions should not show mutual contact inhibition of advance or contact-induced retraction, when meeting head-on, but should be able to pass by one another (¢gure 8f ). Likewise, they should not show contact inhibition by the cells' surfaces serving as substrata; if so, they could not advance across these surfaces. Finally, the tractive protrusions should be able to transfer their adhesion from one cell to the next as the opportunity arises (¢gure 8f ).
Is there evidence for these sti¡ening adhesions ? Deep mesodermal cells have large numbers of small ¢liform protrusions attaching the long anterior and posterior surfaces of adjacent cells to one another as seen in SEM ) (¢gure 9a,b). These intercellular contacts may not exist as protrusions in the embryo. In the embryo the cells appear to be tightly packed together and low-light £uorescence microscopy of labelled cells reveals few such ¢liform protrusions on these surfaces . Instead, these protrusions may re£ect the presence of small local adhesions between tightly packed cells, which are then pulled out into ¢liform structures (¢gure 9b) during the shrinkage associated with SEM, which can be 10% or more in this system (see Keller & Schoenwolf 1977) . These numerous contact points on the anterior and posterior surfaces of these elongated cells could serve as the sti¡ening adhesions between cells regardless of whether or not they exist as ¢liform protrusions.
The large lamelliform protrusions at the medial and lateral ends of bipolar mesodermal cells seen in lowlight £uorescence time-lapse recordings are also seen in SEM (¢gure 9a,b). These we believe to be the tractive protrusions.
(e) Common criticisms of the cell traction^cell substrate mechanism There are a number of objections that are commonly raised against the cell traction^cell substrate mechanism of cell intercalation described here. One of these is that the two halves of the substrate cell in the bipolar model are somehow di¡erent in polarity, one end pointing one way and the other end pointing the other way, and that somehow the tractive protrusions will fail to produce further movement when they pass beyond the midpoint of an elongated cell. However, no such polarity is implied in the model or observed in cell behaviour. The model proposes that the cell body is an unpolarized substratum, uniform from end to end (¢gure 8a,b). The important
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Phil. Trans. R. Soc. Lond. B (2000) Figure 9 . Scanning electron micrographs at (a) low and (b) high magni¢cation show large lamelliform tractive protrusions at the medial and lateral ends of elongated and aligned mesodermal cells (arrowhead, a; large arrowheads, b), and numerous small adhesions, mediated by ¢lopodia, at the anterior and posterior surfaces of these cells (small arrowheads, b). From Keller et al. (1989b) . element in the model is that the cells maintain a continuous structural organization to transmit tension over part or most of its mediolateral length, in either direction, as the tractive protrusion of another cell crawls along its surface from either end to the other; there is no reason to suppose that this function involves polarization (¢gure 8a,b). This objection arises from assuming that the traction of a bipolar cell occurs over the whole cortex of the cell and in opposite directions from both ends towards the middle (¢gure 10a). As discussed below (} 6(f )), this type of cortical tractoring over large areas of the cell presents problems for both the bipolar and monopolar modes of intercalation. But cortical tractoring is not seen in time-lapse recordings; instead the traction seems localized to the protrusions at the ends of the cells (Elul & Keller 2000 ) (see } 6(g)).
A second objection is that some unusual circumstance will arise when a tractive protrusion reaches the end of its substrate cell and transfers to another cell. This objection seems to arise from the assumption that there will be, or may be, a critical reversal of polarity at this transfer point. But again, the cell^cell traction model proposed here does not imply such a polarity, and there is no evidence that these cells are polarized in such a fashion. As a tractive protrusion reaches the end of its substrate cell, it has the opportunity to transfer to an adjacent cell and continue exerting traction on the new substrate cell (¢gure 8f ). We do not envisage the substratum function of the cell body as o¡ering less resistance to traction in one direction or the other over the whole cell body. Indeed, review of cell behaviour in low-light £uorescence timelapse ¢lms of neural and mesodermal cells intercalating does not betray any obvious di¡erences in protrusive behaviour as a cell advances along another cell (R. Keller, unpublished data) . In terms of the model, the chains of tension are not broken when a cell transfers its tractive adhesion to another substrate cell, but is remodelled such that a given medial segment might be hooked up with a new and di¡erent lateral segment.
A third objection is that when cells come to lie parallel and at the same mediolateral position, they are using one another for traction and thus cannot move with respect to one another. But, in fact, time-lapse recordings show that any two such cells are available as substrates for cells medial and lateral to them, and in turn can use these cells as substrates because of the partial interdigitation of their medial and lateral ends. Therefore the question of their mutual traction is largely irrelevant. Given the maximum density packing of the cells and the partial interdigitation of these fusiform cells, tractive protrusions on a given cell have many opportunities to jump over to other substrate cell bodies when reaching the limits of the current substrate cell. And again, traction appears localized to the end or ends of the cells, rather than spread over the cell body.
(f ) The`cortical tractor ' model of cell motility as a counter-example The`cortical tractor' model of cell motility provides a good counter-example to the localized traction mechanism of cell intercalation described here because it does not restrict traction to localized protrusions at the ends of cells. The cortical tractor model proposes that cells move forward by tractoring their cortex backwards over much or all of the cell body from the leading edge of the cell (¢gure 10b) ( Jacobson et al. 1985 ( Jacobson et al. , 1986 ). Jacobson and co-workers have used the cortical tractoring model of cell motility to explain the rolling of the neural plate into a trough and to explain the elongation of the notoplate^neural plate boundary by cell intercalation and boundary capture in the urodelean amphibian ( Jacobson et al. 1986) . In this application, the notoplate cells at the boundary with the neural plate show cortical tractoring toward the boundary, thus pulling interior notoplate cells into the boundary where they, in turn, adopt this behaviour ( Jacobson et al. 1986, ¢g. 8) .
Although successful in this application to morphogenesis of the urodele neural plate, invoking the cortical tractor across the whole ¢eld of Xenopus deep neural cells as a mechanism of moving the cells towards the midline illustrates the need for localized traction, traction restricted to the ends of the cells. Applying the cortical tractor model to the monopolar mode, it appears that all the tractoring surfaces would abut one another and attempt to use one another as a source of traction (¢gure 10b). And of course, they would fail to move, because for each cell, the substrate is moving in the same direction as the applied traction. Another cell could not enter between any two other cells likewise because of parallel tractoring. Applied to the bipolar mode, the cortical tractor might actually work well initially in the stages of partial overlap of two intercalating cells, because the approaching ends of bipolar cells would be of opposite tractoring directions. But tractoring would become progressively less e¡ective as the cells near complete overlap when a greater part of their adjacent surfaces display parallel tractoring (¢gure 10b). Again, the important di¡erence between the cortical tractor mode of cell motility and the localized traction mode of cell motility described here is that the entire surface of the cell is serving as a tractor and as a substrate in the cortical tractor model, whereas these two functions are separated spatially on the cell in the localized traction model.
(g) Cell behaviour observed during intercalation
The localized cell^cell traction mechanism ¢ts the observations of the behaviour of intercalating cells in both the mesoderm and neural tissue. First, the observed protrusive activity of intercalating cells is local and con¢ned to the ends of the cells, both ends in the case of bipolar mode in both mesodermal and neural tissue (Elul et al. 1997; Elul & Keller 2000) , and the medial end in the case of the monopolar, neural mode (Elul & Keller 2000) . In the latter case, the cells often have small lateral protrusions, perhaps representing retraction ¢bres o¡ the trailing edge of the cells. There is, thus far, no evidence of global cortical tractoring amongst intercalating mesodermal or neural cells in Xenopus. When both substrate and tractive cell are labelled, and thus can be seen in recordings, the putative tractive protrusions at the ends of the cells appear to tug on and distort the adjacent cells, implying that these protrusions are, in fact, tractive. Similar protrusions seen on various types of cells cultured on deformable rubber sheets are associated with traction, visualized by deformation of the sheets (Harris 1980) . Time-lapse recordings of intercalating mesodermal cells in explants suggests that the most convergent extension occurs when there is balanced bipolar protrusive activity. When these cells appear to be unbalanced in their traction, they`migrate' medially or laterally, as individuals, exchanging places, and little convergent extension is produced (R. Keller, unpublished data) . Mediolaterally orientated rows of cells at speci¢c anteroposterior levels are occasionally observed to slide medially and laterally as a unit, an observation consistent with the idea that intercalating cells form mediolaterally orientated chains under tension that span the mediolateral axis and serve as the organizational unit for producing convergent cell intercalation. Finally, the tractive protrusions do not show contact inhibition of one another but instead pass by one another when meeting head-on, and attach to the cell bodies behind one another. The predicted contact induced disassembly of the sti¡ening cell adhesions along the anterior and posterior sides of the cells has not be observed directly, but this may be because of the close apposition of the cells. The fact that cells seen intercalating in timelapse recordings are found to have large numbers of lateral contacts in SEM, suggests that these contacts o¡er little resistance to shearing of cells past one another.
(h) Cell polarity and cell intercalation behaviour are context dependent E¡orts to dissociate the intercalating mesodermal cells and culture them as individuals on de¢ned substrates have failed thus far to produce very much useful information about the cell intercalation behaviour. When cultured on ¢bronectin, these cells, attach, spread and become transiently multipolar, then bipolar, and back again to multipolar, displaying none of the highly organized behaviour seen in the explants (R. Keller, unpublished data) . Immediate reaggregation of dissociated dorsal mesodermal cells failed to produce convergent extension (R. Keller, unpublished data), a result also obtained long ago by Holtfreter (1944) . Whatever the basis of the bipolar and monopolar intercalation behaviours, it is contextual and requires maintenance of intercellular communication, either by contact or by signalling over longer distances. It also does not appear to be selforganizing in a dissociated, scrambled population of cells. The overlying epithelial layer of the organizer appears to have a role in setting up the organization necessary for cell intercalation in the deep region in the ¢rst half of gastrulation ), but we do not know the mechanism of this e¡ect.
The polarization of cell morphology and protrusive activity in the bipolar mode, the monopolar mode, and in the boundary-capture mode is very strong when observed in the intact explant. In the context of the explant, these cells are large volume, rectangular containers of yolk platelets in which it has been di¤cult to resolve details of cytoskeletal organization that underlies this dramatic polarity of behaviour and morphology. Also, little is known about the motility regulating factors (see Hall & Nobes, this issue) that are expected to control the type and distribution of protrusive activity. We must develop methods to study the cytoskeleton and its regulation in the context of the explant, or resolve the contextual cues that will allow expression of intercalation behaviour in a simpler context where the cytoskeleton can be studied more easily. Or we must study these aspects in one or more of the systems mentioned above that shows similar intercalation behaviour but is more amenable to visualization and analysis of the cytoskeleton.
FUNCTION OF CELL ADHESION MOLECULES IN CELL INTERCALATION
(a) Cadherins Are there speci¢c cell^cell adhesion systems associated with either the tractive protrusions or the putative sti¡en-ing adhesions holding the cells together, or do cell adhesion molecules serve only a general function of holding the cells of the embryo together with the speci¢city of the polarized cell behaviour lying elsewhere ? A number of types of cadherins, calcium-dependent cell adhesion molecules, are found in early Xenopus development, including maternally derived cadherins (EP-or C-cadherin and XB-or U-cadherin), E-cadherin, which comes on at gastrulation in the ectoderm, and N-cadherin, which replaces E-cadherin in the neural ectoderm (see Levine et al. 1994; Heasman et al. 1994; Herzberg et al. 1991) . Another cadherin, Xenopus cadherin-11 (Xcadherin-11), is expressed at the gastrula stage in mesenchymal cells (Hadeball et al. 1998) . One of these, EP-or C-cadherin, is the major cadherin expressed in the early embryo and it is the primary cell adhesion molecule binding the cells of blastula and early gastrula together (Heasman et al. 1994; Lee & Gumbiner 1995) . It appears to be downregulated in functional activity when convergent extension is induced experimentally in animal caps, suggesting that decreased cadherin-mediated cell^cell adhesion is associated with increased morphogenic movements (Brieher & Gumbiner 1994) . Expression of a dominant inhibitory form of this cadherin, consisting of the deletion of the cytoplasmic tail, by RNA injections, blocked involution and closure of the blastopore when expressed in the dorsal sector of the marginal zone but not when expressed in the animal cap or ventral sector of the marginal zone (Lee & Gumbiner 1995) . In this study, expression of wild-type C-cadherin rescued the e¡ect of the dominant negative form when co-expressed, and generated gastrulation defects when expressed alone, somewhat di¡erent from and more severe than those of the dominant negative form. A monoclonal antibody to the ectodomain of C-cadherin, AA5, is a strong activator of C-cadherinmediated adhesion of early frog blastomeres and inhibits the elongation of activin-treated animal caps, arguing that a decrease in C-cadherin-mediated adhesion is necessary for convergent extension (Zhong et al. 1999) . These studies argue that C-cadherin is playing a role in convergence and extension but it is not clear speci¢cally what that role might be. It appears to be downregulated in activity in in vitro assays, but that does not necessarily mean that the same occurs in the context of the intercalating cells of the axis; in that context, it may be regulated locally, and it is only a default, lower-adhesion state that is expressed in disassembled axial tissues. The general problem with arguing that downregulation of adhesion is a major element in mesodermal convergent extension is that the cells must stick together in order to form a sti¡ array that is able to push in the fashion described in } 3). Therefore, if speci¢c cadherin-mediated
Convergence and extension by cell intercalation
N-cadherin is expressed in the neural tissue of Xenopus during the period of its convergent extension (Detrick et al. 1990) . Expression of N-cadherin along with b-galactosidase to mark the expressing cells suggested that N-cadherin overexpression prevents the normal amount of cell mixing. Expression of N-cadherin also a¡ected neural tube formation, ranging from its failure to close to a¡ects on its cellular arrangement (Detrick et al. 1990) . It is not known whether these phenotypes were due to e¡ects on convergent extension and the type of cell intercalation described above for the neural tissue, or other, prior events in early development. Rapid and extensive radial and mediolateral intercalations are involved in reorganization of the dorsal neural tube during its closure (Davidson & Keller 1999) ; perhaps these intercalations were a¡ected in these experiments. Interestingly, another cell adhesion molecule, the calcium-independent neural cell adhesion molecule N-CAM, which is normally expressed in the neural tube, has no apparent e¡ect on early neural development when overexpressed (Kintner 1988) . Expression of extracellularly truncated of E-and EP-cadherins in Xenopus (Broders & Thiery 1995) and Pleurodeles (Delarue et al. 1998 ) embryos disrupted the convergent extension movements by a¡ecting the patterns of cell intercalation. RNA encoding cadherin-11 is expressed in the animal cap and marginal zone of the Xenopus gastrula and later in the sclerotome, lateral plate mesoderm, and neural crest but not the converging and extending tissues of notochordal and somitic mesoderm (Hadeball et al. 1998) . Overexpression of Xenopus cadherin-11 results in failure of convergent extension in explants, abnormalities of the neural tube and notochord and head in the embryo (Hadeball et al. 1998) .
These experiments suggest an involvement of cadherins at some level in convergent extension but do not characterize their role. The challenge is to determine which cell adhesion molecules have general roles in convergent extension, to determine which, if any, have speci¢c roles in convergent extension, and to characterize these roles in terms of cell and tissue biomechanics.
(b) The role of protocadherins Two protocadherins, paraxial protocadherin (PAPC) and axial protocadherin (AXPC) (Kim et al. 1989; Yamamoto et al. 1998) have been implicated more speci¢cally in convergent extension. In Xenopus, PAPC-encoding RNA is ¢rst expressed in all posterior mesoderm of the late blastula and early gastrula, and when the mesoderm involutes, it disappears from the notochord but persists in the somitic mesoderm. In contrast, AXPC-encoding RNA is expressed in the notochord as PAPC RNA disappears in this tissue. AXPC and PAPC show mutually exclusive speci¢c cell adhesion properties in dissociation, reaggregation and sorting out studies. Expression of a secreted, extracellular domain of PAPC has a dominant negative e¡ect and disrupts convergence of paraxial mesoderm into the normal somite ¢les of Xenopus, mimicking to some degree the defects of somitic mesoderm convergence seen in the e¡ect of the mutation spadetail in the zebra¢sh (Kimmel et al. 1989) . The dominant negative PAPC disrupts elongation of animal cap explants induced with activin, but the normal PAPC potentiates expression of convergent extension movements and adoption of the elongate shape typical of the intercalating mesodermal cells in animal caps treated with subthreshold levels of activin .
Surprisingly, truncations of most of the intracellular domain did not have a dominant inhibitory e¡ect, as would be predicted from the behaviour of classical cadherins of this type. Instead, the truncated form showed greater positive e¡ects on cell adhesion than the normal molecules, suggesting that the cytoplasmic tails of these molecules may function in decreasing adhesion . These results suggest involvement in regulation of cell adhesion during convergent extension, and perhaps regulation of the expression of cell intercalation behaviour. Kim and associates suggest that a speci¢c region of the intracellular domain of PAPC may associate with an unidenti¢ed protein to lower cell adhesion, making possible the transient cell associations necessary during cell intercalation. Could PAPC function in thè sti¡ening adhesions', postulated above, by promoting high adhesion of the anterior and posterior surfaces of the intercalating mesodermal cells, but yet disassemble these adhesions in a regulated way, as an intercalating cell leaves one neighbour, and reassemble an adhesion as a new one is acquired ?
(c) Possibilities
In principle, it is now possible to test what speci¢c role a cadherin, a protocadherin, a cytoskeletal element, or regulator of protrusive activity, might have in the context of the cell^cell traction model described above (} 6), using time-lapse recordings of cell behaviour and biomechanical measurements together to evaluate the protrusive activity, the sti¡ness of the tissue, and response of the cells to mechanical manipulation. In practice, application of these sorts of analyses requires working with the explants, which are di¤cult to make, and visualizing cell behaviour with low-light time-lapse £uores-cence microscopy, which requires sophisticated equipment and knowledge of imaging. And biomechanical analyses are likewise di¤cult. Nevertheless, with the appropriate application of these methods, it will soon be possible to determine not only whether a molecule is necessary for convergent extension, but what speci¢c function it plays.
CELL ±MATRIX MODEL OF CELL INTERCALATION
An alternative to, or perhaps an addition to the cellĉ ell traction model of cell intercalation is a cell tractionon-extracellular matrix model for active cell intercalation. Formally, ¢brils of an extracellular matrix could occupy the spaces between the intercalating cells and serve as a substratum for an orientated or directed migration (¢gure 11a). To produce cell intercalation, the matrixmediated migration would have to result in wedging of the cells between one another to make a longer array along the anteroposterior axis. The matrix might be interstitial, as shown here, or as a mat on one or both surfaces of the intercalating cell array. Of course, in either case, the matrix would have to be deformable or capable of being remodelled in the course of convergent extension in order to allow the tissue to lengthen and narrow. An interstitial matrix or a mat of matrix could serve as a substratum for a monopolar, medially directed cell crawling of the type seen in the neural tissue, but it is not obvious how such a matrix would serve as a substratum for the bipolar mechanism of cell intercalation seen in the mesoderm and in neural tissue under minimal interactions with mesoderm. Formally, the model of the bipolar mode of intercalation seems to work only as a cell^cell traction model. Finally, an extracellular matrix could be involved in the`boundary capture' described in } 5(b)) for the NSB; in this model, cells would crawl on the matrix, perhaps directionally, until reaching the boundary where they would spread on the matrix in the boundary and then cease their motility (¢gure 11b).
What is the evidence for extracellular matrix function in convergent extension? An external substratum, such as the overlying blastocoel roof, is not essential for convergent extension of the mesodermal tissue of Xenopus (see Keller & Jansa 1992) . Likewise, the neural tissue can converge and extend without the underlying mesoderm (Keller & Danilchik 1988; Elul & Keller 2000) . Most matrix research has focused on the prominent ¢bronectin-containing matrix lining the blastocoel roof and its role in mesodermal migration (see Winklbauer & Keller 1996) . Whether this matrix is needed for neural extension is not known. Because it is presumably retained, at least initially, in the deep neural explants, it could be used as a substratum for neural convergent extension. Although the mesodermal cells do not need the organized ¢brillar matrix on the blastocoel roof to converge and extend, a ¢brillar system of matrix might lie between the mesodermal cells and serve as a substrate for the traction of these cells. Arguing against this notion is the fact that no such ¢brillar system has been characterized in either the neural or mesodermal tissue.
However, it is possible that extracellular matrix components function in a non-¢brillar form. Molecular ¢bronectin, as opposed to organized ¢brils, is found throughout the mesodermal tissue through gastrulation and beyond (D. DeSimone, personal communication). Whether this form of ¢bronectin functions in the mesodermal mediolateral intercalation behaviour (MIB) is not known. Arguing against this notion is the fact that antibodies and peptides blocking the integrin-mediated migration of mesodermal cells on the blastocoel roof have much less or no a¡ect on convergent extension movements Winklbauer & Keller 1996) . But it is not known whether the antibody and peptide reagents used in these experiments penetrate between the densely packed mesodermal cells of the extending axis.
There is extracellular matrix in the NSB and this matrix may have a function in setting up the boundary, blocking cell movements across the boundary, and perhaps even organizing the boundary-mediated cell capture described above (} 5(b)) (¢gure 11b ). Extracellular matrix is abundant in the notochordal sheath, and this structure arises from the notochordal^somitic mesodermal boundaries that develop as morphologically visible structures at midgastrula stage ). Molecules such as laminin (Fey & Hausen 1990) , ¢bronectin (Lee et al. 1984) and elastin (P. Skoglund, unpublished results) are found by immuno£uorescence in the notochordal sheath at neurula stages, but have not been detected at earlier stages of boundary formation.
However, the matrix molecule ¢brillin is found in the forming boundary at midgastrula stages (¢gure 11c; P. Skoglund, unpublished data). Fibrillin is a component of micro¢brils (Sakai et al. 1986) , widely distributed 101 2 nm diameter, extensible extracellular ¢bres that can serve mechanical functions, for example, in ligaments of the human eye (reviewed in Ramirez et al. 1993 ). Therefore this molecule is a strong candidate for involvement in the changing biomechanical properties that dorsal mesoderm exhibits as these boundaries form. In addition, because cells have receptors for ¢brillin (Pfa¡ et al. 1996; Sakamoto et al. 1996) , ¢brillin is a candidate molecule for a role in regulating the boundary-capture mode of cell behaviour seen there.
Extracellular matrix functions in the straightening and sti¡ening of the notochord in the tailbud stages. The dense ¢brillar matrix of the notochordal sheath develops in the late neurula through the tailbud stages and forms a ¢bre-wound tube. The notochord cells then vacuolate and generate pressure within the matrix-wound tube, which results in sti¡ening and straightening of the notochord in this period (see Adams et al. 1990 ).
PATTERNING OF MEDIOLATERAL INTERCALATION BEHAVIOUR: PROGRESSIVE ANTERIOR-TO-POSTERIOR AND LATERAL-TO-MEDIAL EXPRESSION
Expression of mediolateral intercalation behaviour (MIB) is spatially and temporally regulated in both the mesodermal and neural tissues. Expression occurs from anterior to posterior and from lateral to medial in both tissues, such that the two undergo parallel movements, the mesodermal on the inside and the neural on the outside of the blastoporal lip . This progressive organization is essential for the function of both neural and mesodermal convergent extension machines in gastrulation.
(a) Patterning of MIB in the mesoderm Expression of MIB in the prospective mesoderm is best visualized in explants of the entire involuting marginal zone (IMZ) of the embryo (¢gure 12a) . The expression of the bipolar mode of MIB is represented diagrammatically as elongated, fusiform shapes (¢gure 12). First, consider the expression of MIB in explants that are not allowed to converge and extend (¢gure 11b). MIB is ¢rst expressed in the anterior, lateral prospective somitic mesoderm, and progresses medially as To visualize the pattern of expression of mediolateral intercalation behaviour (MIB), (a) explants of a large part or all of the involuting marginal zone were made and cultured in two ways. Some explants were cultured beneath a restraining cover-slip, such that they did not undergo convergence and extension (b), or more loosely restrained, and allowed to converge and extend (c). Under these conditions, the progress of MIB was determined from time-lapse recordings and represented here by fusiform cell pro¢les (b, c). (d ) The expression of MIB in the whole embryo at the early gastrula and late midgastrula is also shown. The prospective anterior (A) to posterior (P) and lateral (L) to medial (M) axes, as well as the dorsal (d) and ventral sides (v) in the somitic and notochordal ¢elds are indicated in (a). Note that the progress of MIB is from anterior to posterior and from lateral to medial. (e) Similar anterior-to-posterior and lateral-to-medial expression of MIB occurs in the neural plate and notoplate. Also shown is the notochord (no), the somitic mesoderm (so), and the NSB. (i) Deep neural plate; (ii) deep neural plate over the mesoderm.
arcs, which meet in the midline to form the VAZ (¢gure 12b, solid arrows, stage 10 + to 10.5). The NSB then forms at the midgastrula stage within the VAZ, and it proceeds posteriorly (¢gure 12b, small arrows, stage 11 onwards). Then, MIB is expressed from anterior to posterior in the lateral region of somitic ¢eld and from anterior to posterior in the lateral, boundary region of the notochordal mesoderm (¢gure 12b, solid arrows, stage 11 onwards). From this lateral origin, MIB progresses medially towards the medial aspect of both the somitic ¢eld and the notochordal ¢eld (¢gure 12b, solid arrows, stage 11 onwards). If the explants are not allowed to converge and extend, medial, posterior regions of both the prospective somitic and notochordal mesodermal ¢elds fail to express MIB and di¡erentiate into their respective tissues (¢gure 12b, asterisks, stage 11 onwards).
If the explants are allowed to converge and extend, the expression of MIB follows the same pattern from anterior to posterior and lateral to medial in both notochordal and somitic regions (¢gure 12c). However, the convergence brings the lateral boundaries closer to the medial parts of both tissues and under these conditions, MIB spreads throughout the medial parts of both the notochordal and somitic regions. This fact, and the fact that MIB progresses medially from a lateral origin, suggests that the lateral boundaries of these tissues might be the sources of the signals organizing MIB as well as cell fate. This notion is supported by the fact that if the lateral boundaries are not allowed to converge, and move closer together, the medial cells do not di¡erentiate MIB or proper tissue fates Domingo & Keller 1995) . If the tissue boundaries are sources of signals of limited range, convergent extension would have to be self-reinforcing; convergence of the lateral, signalling boundaries would bring more cells into range, allowing more convergence, and so on.
These results also suggest that the signalling systems organizing MIB and perhaps ¢nal cell fate are extant during gastrulation, and that cell fate is not yet determined in the early gastrula stage. To test these notions, labelled cells from the notochordal, somitic and epidermal regions of early to midgastrula stages were grafted into the notochordal region of early gastrula whole embryos and explants (Domingo & Keller 1995) (¢gure 13a). Their motility was recorded with time-lapse imaging and their cell fate determined by marker expression (Domingo & Keller 1995 ) (¢gure 13b). These grafted cells express MIB and di¡erentiate as notochord in the same anteroposterior and lateral^medial order as the native notochordal cells (¢gure 13b). Thus the notochordal cells are not pre-programmed to express MIB in the observed pattern at the outset of the behaviour, but signals operating during gastrulation, probably emanating from the boundary regions, organize MIB during gastrulation. Moreover, in Domingo's experiments, cells of epidermal prospective fate grafted into the notochordal region were converted to notochord, as well as induced to express MIB, showing that these cells were exposed to mesodermal cell fate-inducing signals as well as MIB-inducing signals during gastrulation.
Mediolateral cell intercalation appears to be regulated by the Wnt signalling pathway. A dominant inhibitory form of Xenopus dishevelled, which is involved in the Wnt signalling pathway, inhibits convergent extension (Sokol 1996) , as does a dominant-inhibitory form Xenopus frizzled-8, another, upstream component of the pathway (Deardor¡ et al. 1998) . Evidence for the involvement of the`planar polarity', non-canonical Wnt signalling pathway in controlling cell motility of convergent extension is described in Smith (this issue). drug nocodozole in early gastrulation (i.e. before the VAZ forms), the VAZ never forms, convergent extension never occurs, involution never occurs, and a small amount of notochord and somitic tissue di¡erentiates in the anterior (VAZ) region of the mesoderm. This mesoderm di¡erentiates in the pre-involution position, and the remaining posterior axial and paraxial mesoderm does not express MIB or di¡erentiate. If microtubules are disrupted after the VAZ has formed, the mesodermal cells express MIB, converge and extend, and di¡erentiate as notochord and somite without microtubules. This includes the posterior axial and paraxial mesoderm. Absence of microtubules could prevent expression of MIB during formation of the VAZ in a number of ways, and thus no clear interpretation of this result can be made. However, the surprising and important result is that expression of MIB in the notochordal and somitic regions posterior to the VAZ does not require microtubules, provided the VAZ has formed. Although the anterior, VAZ region and the remaining posterior part of the axis appear to be identical in the type of MIB expressed and in the di¡erentiation notochord and somites, these regions may represent two units of axial organization, each operating on di¡erent mechanisms at some level (see Lane & Keller 1997) .
(c) Patterning of MIB in the neural tissue
The neural versions of MIB also originate in the anterior lateral region of the prospective neural plate and progress posteriorly and medially from this origin (Elul & Keller 2000) . This progression occurs in both the deep neural explants and in the deep neural over mesoderm explants and applies to the both the bipolar mode and the monopolar mode of neural plate cell intercalation and to the notoplate-speci¢c, multipolar behaviour (¢gure 11e). These progressions of cell behaviours follow the same pattern as the cell divisions and neuronal di¡erentiation in the neural plate (see Hartenstein 1989) .
These ¢ndings have implications for understanding neural patterning. The convergent extension movements can be induced by planar signals from Spemann's organizer . However, if these signals are proceeding from the organizer toward the lateral boundaries of the neural plate, as would be expected, and expression of neural MIB follows the order in which the cells received these signals, then the expression of MIB should be from posterior to anterior and medial to lateral. Instead, the cell behaviours are organized medially from the lateral boundary and posteriorly from the anterior boundary, mimicking the pattern seen in the mesoderm. The simplest explanation is that inducing signals from the organizer interact with opposing signals from the epidermal region to establish a neural plate boundary (see review by Harland & Gerhart 1997) . After the boundary is established, MIB is organized by secondary signals proceeding inwardly or posteriorly from this boundary.
(d) The neural midline and the monopolar mode of cell intercalation The monopolar medially directed protrusive activity suggests that it might be stimulated by a signal emanating from a midline structure, the obvious one being the notoplate early, and following that, the £oor plate derived from it. Elul & Keller (2000) observed a stronger polarization of the protrusive activity of the lateral neural plate cells as these cells approached the notoplate, which is consistent with a polarizing signal emanating from the notoplate and therefore stronger near it than further away. Arguing against this notion, however, is the observation that embryos without notochords, and apparently without £oor plates, appear to develop relatively normal neural tubes (Malacinski et al. 1981) . Whether the nervous systems of these embryos converged and extended by the normal monopolar mode or the bipolar mode is not known. Perhaps they used the less e¤cient bipolar mode, but its de¢ciencies were o¡set by towing forces from the underlying mesoderm.
An alternative mechanism is that the notoplate^£oor plate, despite its prominent position, has nothing to do with organizing the monopolar MIB but instead the underlying somitic mesoderm imposes a medial directionality on the overlying neural cells. In this mechanism, somitic mesoderm, rather than notoplate^£oor plate, would be necessary for medially polarized protrusive activity. Experiments are underway to test these possibilities.
(e) Function of progressive expression of MIB The progressive expression of MIB is essential for proper gastrulation. The ¢rst expression of MIB, the VAZ, forms an arc across the dorsal lip of the gastrula, and as MIB shortens this arc, a hoop stress is generated across the dorsal lip, pulling it vegetally over the bottle cells, and thus contributing to involution (¢gure 12d, early gastrula). The endodermal rotation movements described recently by Winklbauer & Schu « rfeld (1999) initiate involution and set up the blastoporal groove below the VAZ, and drive much of the early involution. After this time, MIB is expressed in the postinvolution region, progressively posteriorly from the now involuted VAZ, and as a result, a wave of convergence, and resulting hoop stress, proceeds posteriorly on the inside of the blastopore (¢gure 12d, mid^late gastrula), driving continued involution and squeezing the blastoporal lip toward closure at a point over the ventral region of the vegetal endoderm. Because the mesoderm is expressing MIB posteriorly from the anterior, postinvolution region, and the neural tissue is expressing MIB posteriorly from an anterior origin in the prospective hindbrain on the outside of the gastrula, these tissues are expressing convergent extension in the same order and more or less in spatial correspondence (see Keller et al. 1992a ).
(f) Mechanical consequences of the bipolar and monopolar modes of cell intercalation The bipolar mode of MIB has no inherent directionality but only an orientation; the mediolaterally orientated protrusive activity tends to shorten the array of cells, pulling the ends together, without a bias as to which end, or perhaps both, is to move the most in accommodating the shortening. The anchorage points and deformability of the neighbouring, anchoring tissues determine these parameters. In the embryo, the mesodermal cells expressing MIB in progressively more posterior regions can be visualized as forming arcs that are anchored at each end near the margins of the large vegetal endodermal mass and span the across the IMZ (¢gure 14a). It should be kept in mind that in the embryo, the process is continuous; we only portray the process as separated arcs for clarity of illustration. As MIB progresses posteriorly, these arcs shorten in sequence, and thus generate a hoop stress across the IMZ, progressing posteriorly, as described above. In this case, neither end moves, but rather the arcs shorten and the IMZ is pulled across the blastoporal lip (¢gure 13a).
If the arcs are broken somewhere along their length on both sides, the medial segments of the arcs of MIB are unanchored and thus pull dorsally, where they converge, extend, and form an isolated extension, and, at the same time, fail to involute (¢gure 14b,c, light shading) (Keller 1981) . The isolated lateral segments of the broken arcs in these experiments have their medial ends unanchored, and therefore they pull these ends towards (converge towards) the vegetal endoderm and extend in the perpendicular direction, parallel to the endodermal margin (¢gure 13b,c, dark shading). Such movement results in reopening of the partially closed blastopore (¢gure 13c).
This type of embryo appears often in the classical literature, where it is known as a`ring embryo', and it forms in cases where the continuity of the arcs of convergence are broken (see Keller 1986 ).
In the case of the monopolar mode of MIB in the neural tissue, the medially directed protrusive activity tends to pull the cells to the midline, thus pulling the edges of the neural plate towards the middle. The lateral anchorage of the neural plate is in the epidermis, which appears to be deformable, and thus it stretches to allow the edges of the neural plate to move medially. Note that there is no inherent reason why the bipolar mode would not work for convergent extension of the neural tissue as long as the epidermis is deformable.
(g) Speci¢city of morphogenesis involves biomechanical integration of distributed information
It is the global context of local cell behaviour that determines the speci¢city of the morphogenic e¡ect. It is the geometry and the lateral anchorage points of the arc-like , all anchored at each end at appropriate points near the large vegetal endodermal mass (a, left). During gastrulation these arcs are shortened by mediolateral cell intercalation, beginning with (i), and following with (ii) and (iii). As each successive arc is shortened, the corresponding region of the marginal zone is rolled over the lip by the hoop stress passing across the dorsal and lateral lips of the blastopore (a, right). (b) If these arcs are cut dorsolaterally, the isolated medial segments are no longer anchored laterally but have free ends. These arc segments shorten by convergence, pulling each, unanchored end medially, and as a result they extend a proboscis-like structure that normally would have involuted, out into the medium (b, right; c). Likewise, the isolated lateral segments now have a free medial end and an anchored lateral end (b). These arcs converge toward the vegetal endoderm, bringing their free medial ends towards the vegetal endoderm, and they extend around the circumference of the vegetal endoderm, causing the embryo to reopen its blastopore. (c) A light micrograph shows an embryo of this type, often called a`ring embryo'.
expression patterns of MIB in the mesoderm that determine the speci¢c e¡ects of MIB. Taken alone, as in the sandwich explants (¢gure 3), the arc-like array MIBexpressing cells will produce simple convergence and extension. In contrast, if anchored at the edges of the vegetal endoderm, the arc-like pattern of progressive MIB expression will produce involution as well. The speci¢city of this type of morphogenesis depends on distributed information, information that is integrated by the biomechanical properties and geometry of the tissues to determine the output and signi¢cance of local cell behaviour. This has major implications for genetic and molecular analysis of morphogenesis.
We o¡er this paper in remembrance of Nigel Holder. We were not fortunate enough to know him personally, but his example, his published work, and his many less-de¢nable but important contributions to the tenor of the ¢eld have gained our admiration and deep respect.
